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Background and Methodology
Three-dimensional (3D) echocardiography devel-
oped initially in the 1970s using reconstructive ap-
proaches which were based on the principle that a
3D dataset could be reconstructed from a series of
two-dimensional (2D) images. In this reconstructive
method, serial 2D images are collected using either
freehand scanning or a mechanized transducer that
sequentially recorded images at set intervals. 2D
reconstructive methods require careful integration
of images, electrocardiogram/respiration pattern into
a 3D coordinate system (Fig. 1). The clinical applica-
tion of this method has been greatly limited due to
long acquisition times, spatial and temporal align-
ment issues and significant post-processing time.
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Three dimensional (3D) echocardiography has the potential to provide better anatomic
and functional details of cardiac structure and function compared with two-dimensional
(2D) echocardiography. Prior 3D techniques used a series of 2D images to reconstruct a
3D dataset. However, this method was greatly limited for widespread clinical application
due to long acquisition times, spatial and temporal alignment issues and significant post-
processing times. Real-time three dimensional (RT3D) echocardiography initially developed
in the 1990s overcame some of these limitations and achieved a technical breakthrough by
using a fully sampled matrix phased array probe. This new generation of RT3D echocar-
diography provides excellent image quality, makes the real-time volumetric imaging pos-
sible and can measure the heart in arbitrary orientations without geometric assumption
and image plane positioning. Presently, RT3D echocardiography appears to evolve from
a time-consuming research tool to a clinically applicable diagnostic technique, providing
rapid, accurate and supplementary information to conventional 2D echocardiography. 
The following is a review of the current clinical applications for RT3D echocardiography
and where it may be optimally applied in the clinical setting.
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In the early 1990s, the first real-time three dimen-
sional (RT3D) echocardiography was developed by
von Ramm and colleagues [1] using a sparse-array
matrix transducer with 256 firing elements which
permitted multidirectional beam steering. However
the image quality of this first generation RT3D echo-
cardiography was still relatively poor and the images
obtained were not volume-rendered on-line. RT3D
echocardiography reached a major milestone in
2002 with the development of a fully sampled matrix
phased array probe containing more than 3,000
imaging elements. This system allows simultaneous
visualization of the beating heart and improves
image quality with capabilities including live 3D,
3D zoom, full volume and 3D color Doppler acqui-
sition. Full-volume acquisition technique merges 4–7
pyramidal datasets using electrocardiogram (ECG)
gating to create a reconstructed full volume image,
large enough to cover the entire left or right ventricle,
yielding superior sector angles, frame rates, or line
density, which is recommended in cardiac volume
and function quantification (Fig. 2). In this article,
we briefly review the current clinical application
and the status of RT3D echocardiography.
Clinical Applications
Cardiac structure assessment
Ventricular septal defect
RT3D echocardiography provides novel views of
ventricular septal defects and improves quantifica-
tion of the size of the defect. The sizes derived from
RT3D echocardiography have better correlation
with surgical findings than those measured by 2D
echocardiography [2]. One important advantage
of 3D technique over 2D echocardiography is the
ability to interrogate the whole septum. A novel
application of 3D imaging in patients with ventricu-
lar septal defects involves using offline reconstruc-
tion to visualize and quantify the color flow jet,
which allows for accurate assessment of the mag-
nitude of shunting [3].
Atrial septal defect
In patients with atrial septal defects, RT3D echocar-
diography allows evaluation of the size, shape,
precise location, motion of the defect, and the
extent of residual surrounding tissue. Furthermore,
RT3D echocardiography might be useful in the
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Fig. 1. 2D reconstructive methods require careful integration
of images and ECG/respiration patterns into a 3D coordinate
system (Adapted from Weyman AE: Principles of
Echocardiography).
Fig. 2. Full-volume 3D acquisition merges a series of subvol-
umes over 4–7 sequential cardiac cycles using ECG gating to
create a reconstructed full volume image (image courtesy of
Solis-Martin, Jorge).
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management of atrial septal defects and postoper-
ative evaluation. In patients with secundum atrial
septal defects, the adequacy of the retroaortic rim for
device closure can be determined by RT3D echocar-
diography. It has been used after defect closure to
evaluate the success of the procedure and identify
the origin of residual shunting [4].
Cleft mitral valve
Advantages of RT3D echocardiography over con-
ventional 2D methods in the diagnosis and morpho-
logic assessment of cleft mitral valve were reported
[5,6]. RT3D echocardiography reveals the cleft and
allows the measurement of its width and depth,
the extent of cleft edge fibrosis and retraction, the
presence of accessory chordae and their attach-
ment to the septum. In patients with mitral regur-
gitation, a regurgitant jet originating from the cleft
can also be detected.
Hypertrophic cardiomyopathy
In patients with hypertrophic cardiomyopathy, RT3D
echocardiography allows a comprehensive evalua-
tion of the extent and spatial orientation of asym-
metrical interventricular septal hypertrophy, mitral
valve systolic anterior motion and left ventricular (LV)
outflow tract patency. Intraoperative RT3D echocar-
diography also shows promise in the evaluation of
the results of septal myectomy or percutaneous alco-
hol septal reduction in patients with obstructive
hypertrophic cardiomyopathy [7].
Cardiac masses
Intracardiac masses may include a thrombus, vege-
tation, or tumor. RT3D echocardiography is superior
to 2D imaging in further characterizing the mor-
phology, spatial location and extent of the mass. The
size of an intracardiac mass is an important predic-
tor of embolic events and of response to therapy.
As most masses have an irregular shape, it is chal-
lenging for 2D echocardiography to determine the
maximum diameter. The RT3D dataset includes the
entire volume of a mass, allowing for accurate
measurements in multiple planes. Asch et al [8]
showed that 2D transthoracic and transesophageal
echocardiography both underestimated cardiac
mass size compared to RT3D echocardiography,
regardless of the size, location, and etiology of the
mass. This finding suggested that RT3D echocar-
diography might be a better technique for accu-
rate evaluation of intracardiac mass size.
Cardiac function assessment
Left ventricular volume and function
Assessment of LV volume and function is very im-
portant for prognosis and clinical management of
patients with cardiovascular diseases. An impor-
tant advantage of the 3D technique is the ability to
visualize and measure an object in arbitrary orien-
tations without geometric assumption and image
plane positioning, theoretically increasing accuracy
in chamber quantification.
The full volume acquisition mode is often used to
acquire the entire LV for detailed analysis of global
and regional volume and function. Images from dif-
ferent orientations may be simultaneously displayed
with either orthogonal long-axis views or multiple
short-axis views for the evaluation of wall motion
(Fig. 3). 3D echocardiography allowed for manually
aligning the displayed views to the true anatomical
LV main axis to avoid foreshortening and to ensure
precise identification of the LV apex. Therefore, in
comparison with 2D echocardiography, a 3D echo
can align the true long axis of the LV. 
LV volume can be computed by online or offline
software using a semi-automated endocardial bor-
der detection process. Anatomical landmarks such
as the mitral annulus and apex are identified by the
user in both end-diastolic and end-systolic frames,
and the software will make a semiautomatic trac-
ing of the endocardial border through the entire
cardiac cycle, allowing quantitative assessment of
both regional and global LV volume, ejection frac-
tion (EF), and the mechanical dyssynchrony index.
Side-by-side comparisons of RT3D echocardio-
graphy and cardiac magnetic resonance imaging
(MRI) showed that LV size and function quantified
by these two methods highly correlated [9]. Pres-
ently, 3D imaging appears to be rapid, accurate, re-
producible, and in certain circumstances, superior
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to conventional 2D methodology in quantification
of LV volume, EF, and mass when compared to car-
diac MRI [10,11]. Furthermore, if sequential meas-
urement of LV volumes is used to guide management
decisions, the accuracy and reproducibility of RT3D
echocardiography would make this modality more
feasible for serial follow-up [12]. However, it is im-
portant to note that to obtain an adequate 3D
dataset for quantitative analysis, 2D image quality
needs to be good as a prerequisite.
Right ventricular volume and function
Because of complex geometry of the right ventri-
cle, the estimation of right ventricular (RV) volumes
and ejection fraction based on geometric model-
ing from 2D echocardiography has been extremely
challenging. 3D techniques which directly measure
the entire RV volumes without geometric assump-
tions theoretically have the potential to improve
the accuracy and reproducibility. The recent devel-
opment and availability of RT3D echocardiography
and novel 3D RV analysis software make assess-
ment of RV volume and function feasible, relatively
simple, and quick [13,14]. Good correlation and
agreement were reported between RT3D echocar-
diography and cardiac MRI in measurement of 
RV volume and EF [15]. RT3D echocardiography
appears to be more accurate and has less test-
retest variation in RV volumes and function than
any 2D measurement when compared to cardiac 
MRI [16].
Valvular heart disease
RT3D echocardiography overcomes many of the
practical limitations of reconstructive 3D techniques
and offers the potential for wider clinical application
for valvular heart disease both in standard diagnostic
evaluation and in real-time guidance during surgical
intervention. 3D echocardiography improves the as-
sessment of valvular anatomy, function and the asso-
ciated anatomic and spatial alterations associated
with valvular heart disease. It has been used to define
mitral leaflet lesions in mitral valve prolapse, endo-
carditis, and congenital mitral abnormalities [17–19].
Advanced 3D analysis software permits assessment
of the geometry of the mitral annulus and papillary
muscle, quantifications of the leaflet surface, tether-
ing distances, tenting volumes and has provided im-
portant mechanistic insights into functional and
ischemic mitral regurgitation (MR) [20].
Mitral stenosis
Accuracy of mitral valve area measurement using
3D echocardiography has been validated in com-
parison with noninvasive and invasive methods [21].
The main advantage of 3D echocardiography over
2D techniques is that it allows visualization of the mi-
tral valvular anatomy in any desired plane orientation
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Fig. 3. (A) Simultaneous display of LV, three planes from an RT3D data set. Each plane can be manipulated to obtain the proper
alignment for LV volume and function calculation, which avoids foreshortening. (B) Simultaneous display of LV 9 short-axis views
from apex to basal level for wall motion evaluation from a single RT3D dataset.
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and the ability to achieve an optimal perpendicu-
lar en-face cut plane of the mitral valve orifice,
enabling accurate planimetry of the smallest mitral
valve orifice (Fig. 4). When compared with 2D
planimetry, pressure half-time method and flow
convergence, 3D echocardiography has the best
agreement with invasive methods in quantification
of rheumatic mitral stenosis [22]. The high accuracy
and reproducibility of 3D echocardiography before
and after percutaneous balloon mitral valvuloplasty
compared with the pressure half-time method and
2D planimetry have also been reported [23]. 3D
guided planimetry of the mitral valve orifice has been
proved to be accurate, highly reproducible, and less
variable than conventional 2D methods and thus has
been recommended as the first-line method [24].
Mitral valve prolapse
Preoperative precise identification of the prolapsing
segment/scallop is important in order to decide the
chances of mitral valve repair. The nonplanar saddle
shape of mitral annular still represents a challenge
for an appropriate diagnosis using 2D transthoracic
echocardiography, especially for determination of the
prolapsing scallop. RT3D echocardiography has the
potential to demonstrate the location, range, changes
of phases in cardiac cycles of the prolapsing leaflet
and quantify mitral valve prolapse. A comparison
study showed that segmental analysis in mitral
prolapse with RT3D echocardiography was as accu-
rate as with transesophageal echocardiography [25].
Good correspondence between surgical inspection
and localization of the prolapse by RT3D echocardi-
ography, and also between the volume of the pro-
lapsing leaflet detected by 3D method and surgically
resected tissue have also been reported [26]. Com-
pared with surgical findings, prolapse location deter-
mined by RT3D echocardiography yielded 95%
sensitivity and 87% specificity, and with low inter-
and intraobserver variability [27]. However, with a
relatively low frame rate compared to 2D echocar-
diography, the image resolution of RT3D echocar-
diography remains challenging, which limits its
general clinical use in prolapse analysis.
Mitral regurgitation
The RT3D approach has also demonstrated efficacy
in quantifying mitral regurgitation by using 3D guid-
ance to measure the proximal flow convergence
region (PFCR). It allows direct assessment of the true
PFCR contour without geometric assumptions, which
overcomes the limitations of the 2D proximal isove-
locity surface area (PISA) method. An in vitro
model of mitral regurgitation, PISA determined by
RT3D echocardiography showed less regurgitant
volume underestimation for all orifice shapes and
67J Med Ultrasound 2009 • Vol 17 • No 2
A B
Fig. 4. 3D guided planimetry of a mitral valve orifice. (A) A large mitral valve area is measured when aligning the plane (red line)
not quite at the tips of mitral valve. (B) A smaller area is achieved when adjusting the plane right at the leaflet tips.
regurgitant volumes tested compared with con-
ventional 2D method [28]. The regurgitant volume
derived from the 3D-PISA method appeared to be
more accurate when across symmetric and asym-
metric orifices within a broad range of hemody-
namic flow conditions. In patients with MR, the true
PFCR contour of MR shown by RT3D echocardio-
graphy is generally not hemispheric as assumed by
2D techniques but hemielliptic (Fig. 5). Based on
this 3D shape, a hemielliptic assumption can be used
for practical clinical applications with improved
MR quantification [29].
The vena contracta width measured by 2D echo-
cardiography is an accepted parameter for assess-
ment of MR severity. However, grading criteria
assume a circular or elliptical shape that may not
represent the true geometric appearance of the vena
contracta. RT3D echocardiography allows direct
assessment of the size and shape of the vena con-
tracta area in an en face view, and might reveal the
potential error of conventional 2D measurements
in the estimation of effective orifice area. Khanna D
et al showed that 3D measurements of vena con-
tracta were superior when compared with the
angiographic standard as opposed to the traditional
2D measurements [30].
RT3D echocardiography offers incremental value
over 2D techniques by providing a direct measure of
the true effective orifice area for accurate diagnosis
and further monitoring in serial follow-up. Further
study is necessary regarding the widespread feasibil-
ity of RT3D echocardiography in the clinical setting.
Aortic valve disease
There are limited studies examining the utility of
RT3D echocardiography in assessing aortic valve
disease. One study compared the aortic valve area
by 3D guided biplane imaging to the 2D aortic valve
area by continuity equation and 2D transesophageal
echocardiogram planimetry with correlation coeffi-
cients of 0.82 and 0.94 respectively [31]. Other
studies have used RT3D derived LV outflow tract
stroke volume for the calculation of aortic valve
area by continuity equation [32,33]. Fang L et al, in
a study of 56 patients, compared RT3D measure-
ments of the vena contracta area of the aortic regur-
gitant jet to those of 2D vena contracta widths with
aortography as a standard and showed similar corre-
lations between RT3D and 2D methods [34].
Limitations
The present RT3D echocardiography has the fol-
lowing major limitations in daily clinical practice: (1)
Limited sector size. If the LV cavity or aneurysm is
too big to be captured in a full volume dataset, it is
impossible to analyze the LV volume and syn-
chronicity. (2) A large transducer aperture limits
image resolution especially in patients with narrow
intercostal spaces, children and neonates. (3) RT3D
echocardiography is still limited by a relatively low
temporal and spatial resolution compared to the
reconstructive 3D techniques. (4) Stitch artifacts may
be caused by arrhythmias, respiration, patient mo-
tion, and movements of the probe by the operator
during acquisition.
Summary
RT3D echocardiography is an important supple-
ment to 2D imaging and can be used to assess 
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Fig. 5. RT3D echocardiography demonstration of the PISA
surface area in three planes reveals hemielliptic orifice contours.
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cardiovascular function and anatomy. At present,
RT3D echocardiography appears to be best applied
in these clinical scenarios when there has been
adequate image quality: (1) Quantification of LV vol-
ume and function, such as baseline evaluation and
serial follow up in patients undergoing cardiac
resynchronization therapy, implantable cardioverter-
defibrillator, chemotherapy or serial assessment of
LV remodeling after myocardial infarction; (2) Quan-
tification of the mitral valve area in patients with
mitral stenosis. (3) Assessment of cardiac function
and structure in congenital heart disease; and (4)
Assessment of cardiac masses. In select cases, RT3D
echocardiography may improve quantification of
mitral regurgitation and aortic stenosis. With techni-
cal advances in computer technology, miniaturiza-
tion of the matrix array transducer, and increasing
clinical experience, this exciting new ultrasound
modality will likely have an expanding range of clin-
ical applications in assessing cardiac function and
anatomy.
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